In this paper, a new technique using a Current Shunt and a Micropotentiometer has been used to study the electrical performance of a large area multicrystalline silicon solar cell at outdoor conditions. The electrical performance is mainly described by measuring both cell short circuit current and open circuit voltage. The measurements of this cell by using multimeters suffer from some problems because the cell has high current intensity with low output voltage. So, the solar cell short circuit current values are obtained by measuring the voltage developed across a known resistance Current Shunt. Samples of the obtained current values are accurately calibrated by using a Micropotentiometer (μpot) thermal element (TE) to validate this new measuring technique. Moreover, the solar cell open circuit voltage has been measured. Besides, the cell output power has been calculated and can be correlated with the measured incident radiation.
Introduction
There are many types of the solar cells that are used in different life applications. The main important types of the solar cells are manufactured by some back-contact techniques [1] [2] [3] . Back-contact solar cells have some advantages over ordinary solar cells due to their lower cost and their higher efficiency [4, 5] . Moreover, characteristics of these back-contact solar cells are studied to enhance their performance [6, 7] .
Short circuit current and open circuit voltage are two main electrical parameters usually used to characterise solar cells. Typically, these quantities are measured by multimeters. During the solar cell current measurements some troubles appeared, because the solar cell under test produces high current intensity with low output voltage. So, the multimeters are not suitable for the solar cell output current measurements [8] . In that study, a Hall sensor technique is applied in order to overcome the problem of the effect of multimeters internal resistance in these measurements. However, the Hall sensor has some limitations and precautions; such as the dependence of its performance on operating ambient temperature, the quality and stability of the supply voltage and the linearity limitations through a specified current range [8] . It is also very sensitive to external magnetic fields and its offset is not stable and may vary with temperature and time [9] .
Current sensors play a vital role in our life. At present, comprehensive research concerned current sensing technology has been conducted, including current shunts [10] . They are used in many applications to measure current by measuring the voltage developed across known impedance [11] .
In this paper, a current shunt is simply used as a sensor to get the solar cell current values by measuring the voltage developed across its known resistance. Hence, a new technique using Holt HCS-1 current shunt is applied to get the short circuit currents of a multicrystalline silicon solar cell with back contact technology. Then, accurate calibra-tions are carried out using a μpot thermal element to get the actual precise values of the measured currents.
A comparison between computed versus experimentally corrected and calibrated values of the cell short circuit currents is carried out; hence, the new current measurement system is confirmed and verified. This study is extended to measure the cell open circuit voltage; then, the cell output power is computed to be correlated with the incident radiation profile. All results are carefully studied through some representing mathematical curves.
Solar Cell Under Test
The multicrystalline silicon solar cell with back contact technology is shown in Figure 1 . It has a large area of 21cm × 21cm. The module was installed in a tilted position at the optimum tilt angle of the location of study [12] , in the outdoor. The cell current is collected by the fine finger grid which is led to the back side through 25 holes. On the back side there are 25 soldering pads for each polarity.
The outdoor cell electrical performance is studied by measuring both short circuit current and open circuit voltage in the tilted position at Helwan, Egypt.
Measurements and Calibrations
Measurement is a set of operations performed on a physical object or system according to an established documented procedure, for determining some physical property of the object or system. Science and technology progress is based on the development of measurements. Calibration is achieved by comparing a measurement device (unknown) against an equal or better standard.
Current Shunt Characteristics
In order to measure current with high accuracy, a current shunt is commonly used. Four-terminal resistors' current shunts are in wide use in the metrology community and in industrial measurement applications. Such applications include the measurement of DC, and AC electric currents [13] .
They are commonly used in high current low voltage applications. Shunts often have low resistance value and low temperature coefficient of resistance and use Kelvin terminals for improving measurement accuracy [10] . They are the most cost effective sensing elements, having compact package profiles, suitable for DC or AC measurement. These shunts have as their major design goals adequate power dissipation and minimal resistance changes with temperature. Also considerations are taken to minimize thermoelectric errors of the 4-terminal resistance [13] .
Special resistance alloys, such as Constantan, Manganin, and Zeranin, have been formulated to have very small temperature coefficients of resistance to combat the rise of temperature in shunts [14] .
One feature of the current shunts is that it converts the applied current to voltage drop across its terminals in a linear manner [13] .
Solar Cell Current Measurements Using a Current Shunt Linearity Curve
The cell current measurements are obtained by using a data logger and a current shunt linearity curve. Then a μpot thermal element is used to get the actual calibrated current values accurately. Different current shunt products, like Fluke Model (A40, A40A, A40B) and Holt Model HCS-1 current shunts are used to simplify the task of making precise current measurements in the laboratory.
For this task, Holt HCS-1 current shunt 20 Ampere range shown in Figure 2 , is used to measure the cell short circuit current (ISC). It is of a coaxial design; the resistor being a web of wire arranged coaxially about the axis of the shunt. The input terminal is a female UHF connector at one end, and the potential terminal is a male UHF at the other [15] .
This device is used to obtain the equivalent voltage drop across its resistance structure when the short circuit current is applied. Then, this equivalent voltage is applied to a 14 bit data logger, which is in turn connected to a PC to compute the corresponding current using the shunt linearity curve. Figure 3 illustrates the linearity curve of the 20A HCS-1 current shunt, which shows that its output voltage is linearly proportional to its input current.
The linearity equation that relates the input current to the output voltage is:
Where V out is the output voltage drop across the current shunt resulted from applying input current source I in .
The cell short circuit current (I SC ) can be computed by using the previously estimated linearity equation with the voltage drop across the shunt element V out as an input to the equation. Computed daily profile of the solar cell short circuit current I SC is depicted in Figure 4 .
This current curve is obtained in terms of the shunt voltage signals transferred to the PC through a 14Bit data logger. These voltage signals are accurately measured to get the actual voltage values experimentally, which are used to obtain the corresponding actual current values using the μpot thermal element.
Practically, samples of the voltages, which present the short circuit currents of the cell, is measured experimentally by using a precise digital multimeter (Fluke 8508A-DMM) to get their actual calibrated values accurately. Table 1 illustrates the voltage results obtained from data logger and the actual calibrated results which measured at the same time by using the DMM. Figure 5 shows the two voltage patterns, one of them is for the data logger voltages and the other is for the actual calibrated voltages with respect to the calculated short circuit currents obtained from the current shunt linearity equation.
The actual values of the cell short circuit currents can be obtained accurately by calibrating them by using a μpot thermal element and the calibrated voltages. There- fore, the computed current values obtained in Figure 5 , are calibrated by the actual current values that obtained by using the μpot thermal element. t 5 mA.
3.3.Solar Cell Current Calibration Using a μpot thermal element
The schematic diagram of the pot which consists of a thermal element in series with a non reactive radial resistor is shown in Figure 6 . The radial resistor is securely soldered into the output N-type coaxial connector and screwed into the pot case. It has two outputs, one for the output thermal electromotive force (e.m.f), and the other for the output voltage where as in National Metrology Institutes Pots are basically voltage sources [16] .
The pot with single-range output resistor can be connected as a pot, as a thermal voltage converter (TVC), or as a thermal current converter (TCC) when attached with a current shunt as demonstrated in Figure  7 . Actually, this flexibility broadens the range of useful applications of this device because its rated current is almos
The core of the pot is the thermal element that is shown in Figure 8 . It consists of a thin filament-heater and a thermocouple inserted in an evacuated glass bulb. The thermocouple thermally contacts the heater at its midpoint using a bead made of electrically insulating material such as glass or ceramics [17] .
The basic measurement principle of the thermal element is based on converting the electrical signal to a heat power. In such converters, energy dissipated by a current flowing through a heater resistor, raising its temperature above the ambient, is compared to the energy dissipated by the voltage flowing through the same heater.
The increase in the temperature of the heater at voltage and current, proportional to the dissipated energy, is measured using a thermocouple. Therefore, when voltage or current is applied to the input of a thermal element it gives e.m.f. At the same output e.m.f.s for both of the two inputs, we can say that this applied input current is corresponding to the applied input voltage. Accordingly, the actual values of the voltages corresponding to the cell short circuit currents that listed in table 1 are applied to the pot thermal element by using the Wavetek 9100-Calibrator. It is used in the voltage mode as a traceable standard DC source. Then, the thermal element output e.m.f.s are measured by using a precise digital multimeter (Fluke 8508A-DMM) as shown in Figure 9 .
In the second step, the current is applied from the same calibrator, but in the current mode, to the pot thermal element through the 20A current shunt to attain the same output e.m.f.s obtained in the first step as demonstrated in Figure 10 .
Therefore, these currents represent the actual calibrated values of the corrected short circuit currents of the solar cell as listed in Table 2 .
The actual calibrated short circuit currents, the corre- Table 3 and are illustrated in Figure 11 . The percentage errors between actual and computed short circuit currents don't exceed 0.04% which means that the computed results of the short circuit current are closed to the actual calibrated results.
The consistency between the actual and the computed current curves is clearly demonstrated in Figure 11 . Therefore, the system that consists of the current shunt and the data logger is accurate, precise and reliable in the solar cell current measurements, especially at such high currents with low voltages.
Accurately Measured Solar Cell Electrical Output
The cell open circuit voltage signals are received by the data logger to be transferred to the PC through the prepared computer program. After the previously discussed measurement calibration techniques, accurate solar cell output power could be obtained. A daily variation of large area 21cm  21cm multicrystalline silicon solar cell short circuit current, open circuit voltage and power are plotted in Figure 12 .
As seen in this figure, the maximum open circuit voltage value is nearly 0.5V, while the maximum short circuit current at the same time is nearly 4.6A. This is the main distinguishing property of this solar cell. Figure 13 shows the cell electrical output power along with the solar radiation intensity incident on its surface in case of the optimum tilted orientation. The data has been recorded in 8 th March 2009 which corresponds to a tilted angle 30
о . The incident radiation is recorded by using CMP3 Kipp&Zonen, which is also connected to the data logger after signal amplification. 
Conclusions
A new current measurement technique of a back contact large area multicrystalline silicon solar cell in outdoor conditions is introduced. The 20 Ampere, Holt HCS-1 current shunt is used for this aim to avoid the other measuring techniques' problems. It represents accurate, easy, cheap, and reliable way to get high current values at low voltages. The concept of this current shunts; is obtaining the current values by using the corresponding measured voltages developed across its known resistance. In order to validate this new current measuring technique, samples of short circuit current values are accurately obtained and practically calibrated to get their actual precise values by using a μpot thermal element. A comparison between the accurate calibrated short circuit current results and the computed results demonstrates an excellent agreement between them to about 0.04% relative error. Then the cell electrical output power could be computed easily.
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